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HEAT-TRANSFER MEASUREMENTS ON A FLAT PLATE AND
ATTACHED FINS AT MACH NUMBERS OF 3.51 AND L. uk

By Earl A. Price, Paul W. Howard,
and Robert L. Stallings, Jr.
Langley Research Center

SUMMARY

Heating distributions have been obtained on three fixed-sweep fins (12.87°)
of different leading-edge dlameters partially submerged in a turbulent boundary
layer, as well as on the flat-plate surface adjacent to these Tins. Heating
rates have also been obtained on a flat plate adjacent to a fin at sweep angles
varying from O° to 69°.

The heating rates obtained on the leading edge of the fins outboard of the
sidewall boundary-layer effects are in good agreement with laminar theory. The
maximum stagnation-line values obtained in the region subjected to the flow of
the turbulent sidewall boundary layer are in good agreement with turbulent
theory. The variation of separation distance on the flat plate upstream of the
fin leading edge with diameter was found to be approximately linear and rela-
tively independent of boundary-layer thickness. The ratio of the heat-transfer
coefficients obtained on the center line of the flat plate with the fins mounted
to those obtained on the flat plate alone, h/hgy, upstream of the stagnation line
of the fins investigated tends to fall on a single general curve when plotted
against the distance from the center line of the fin leading edge in diameters,
r/d. In general, h/ho ~ 1 for r/d > 2.5 and increases asymptotically, with-
in the span of instrumentation, as the fin leading edge is approached. The cor-
relation of data obtained from a 0.155-inch and a 6-inch boundary layer, using
the parameters r/d and h/ho, indicates that boundary-layer thickness has
relatively little, if any, effect on the ratio h/hy, in the interference region.

In general, increasing sweep resulted in a decrease in both the area
affected by interference on the flat plate and the magnitude of the heating
rates within this interference region. At the high Reynolds number (4.2 x 106),
where the boundary layer was turbulent, the maximum measured heating rate nearest
the fin, upstream of the fin stagnation line (r/d = 1.5), decreases from approx-
imately twice the theoretical turbulent flat-plate value at A = 0° +to the
undisturbed value at A = 40°. Further increases in sweep had only a slight
effect on the heating distribution within the entire interference region. At
the low Reynolds number (2.5 x 106), the boundary layer remained laminar outside
the fin interference region. However, within the interference region the
heating rates at the lower sweep angles were of approximately the same magnitude
as those obtained at the high Reynolds number, indicating transitional or



turbulent flow. Due to the apparent transitional flow in this region, the
effects of sweep are significant on the flat-plate heating rates in the
vicinity of the fin throughout the tested range of sweep.

INTRODUCTION

Since the development of vehicles capable of supersonic flight, consider-
able attention has been focused on the problem of aerodynamic heating in the
vicinity of surface protuberances. The absence of suitable theory for pre-
dicting heating rates in regions of such disturbed flow has necessitated con-
siderable experimental work for design purposes. References 1 to 6 represent
a large portion of the experimental data thus far reported. Included in these
references are aerodynamic heating data for both hardware-type models and
two- and three-dimensional protuberances of simple shape. The investigations
reported in references 1 to 5 were conducted with models mounted on a flat
plate, whereas in reference 6 the protuberances were mounted on the cylindri-
cal section of a cone-cylinder model. Bach of these investigations included
at least one cylindrical protuberance, and references 1, 2, 5, and 6 contain
cylindrical protuberances of two different diameters. Data presented in
references 1 and 5 for surface heating rates in the viecinity of cylindrical
protuberances swept forward 45° and aft 45° indicate that sweep has a strong
effect on both the magnitude of adjacent-surface heating and the extent of the
separated-flow region. It is the purpose of this investigation to determine
the effect of fin leading-edge diameter and sweep on adjacent-surface heating
rates and also to obtain a detail heating distribution on three fin-type pro-
tuberances partially submerged in a turbulent supersonic boundary layer. Fins
of the same geometric size as the three fin-type protuberances have been
investigated partially submerged in a hypersonic boundary layer at Mach 8;
the results of this investigation are reported in reference 7.

The hest-transfer measurements were made at Mach numbers of 3.51 and 4.44
and at free-stream Reynolds numbers per fcot ranging from approximately
2.5 x 106 to k.2 x 106.

SYMBOLS
b span of fixed-sweep fins, 18 in. (fig. 4)
c specific heat of skin material, Btu/1b-°R
d diameter of fin leading edge, in.
h heat-transfer coefficient, Btu/ft2-sec-°R
he experimental heat-transfer coefficient including conduction term,

Btu/ft2-sec-CR
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theoretical stagnation-line heat-transfer coefficient for laminar
flow on cylinder of infinite length, Btu/ft°-sec-OR

experimental heat-transfer coefficient on flat plate alone,
Btu/ft2-sec-OR

coefficient of thermal conductivity for model skin, Btu/ft-sec-°R

fin chord length measured from intersection of cylindrical leading
edge and fin side panel, in. (fig. 4)

free-stream Mach number
time 1imit of integration, sec

longitudinal distance on flate plate from axis of symmetry of fin
leading edge, in. (fig. 7)

free-stream Reynolds number per foot

surface distance from stagnation line of fin leading edge, in. (fig.

temperature, °R

measured equilibrium temperature of model wall, OR

model wall temperature, °r

stagnation temperature, ©R

time, sec

specific weilght of skin material, lb/cu ft

distance from leading edge of instrumented plate, in. (fig. 1)
orthogonal coordinates used in conduction term of equation (5), ft

longitudinal distance from intersection of cylindrical leading edge
and fin side panel, in. (fig. 4)

distance from center line of test plate, in. (fig. 1)
perpendicular distance from instrumented plate, in. (fig. 4)
boundary-layer thickness, in.

sweep angle, deg

meridian angle, deg (fig. 4)

skin thickness, ft



Subscripts:

m limit of summation (eq. (4))
s stagnation line
APPARATUS
Wind Tunnel

The investigation was conducted in the high Mach number test section of the
Langley Unitary Plan wind tunnel, which is a continuous-flow, variable-pressure
tunnel with a 4- by b-foot test section. An asymmetric sliding-block nozzle
allows variation of the Mach number from 2.3 to 4.65. A detail description of
this facility is available in reference 8.

Tunnel Sidewall Instrumented Plate

Each of the fixed-sweep fins investigated was mounted on a k- vy 5-foot
instrumented flat plate. The test plate was mounted on the test section access
door flush with the tunnel sidewall to utilize the tunnel-sidewall boundary
layer. The location of 41 iron-constantan thermocouples on the test surface and
the relative location of the three fins tested are illustrated in figure 1. The
0.050-inch stainless-steel skin of the flat plate was insulated from a 0.125-
inch-thick filler plate by 0.375-inch-thick hexagonal fiber-glass honeycomb.
After the honeycomb was bonded to the test surface and the filler plate, the
filler plate was cut into 8- by 8-inch sections. Each of these sections was
secured to a steel backing plate by a button that allowed each segment to slide
relative to the backing plate. This method of construction was used in order to
prevent shearing of the bond due to thermal gradients. A 0.50-inch-diameter
plug of the honeycomb was removed at each thermocouple location. A cross sec-
tion of this sandwich-type construction is shown in figure 2.

Fixed-Sweep-Fin Models

Three fin-type protuberances having a sweep angle of 12.87° with leading-
edge diameters of 0.75, 2.00, and 3.50 inches were tested. Each of the models
was constructed of 0.040-inch 321 stainless steel and was supported by stiffeners
made of a material having low thermal conductivity. Each was instrumented with
39 iron-constantan thermocouples. The locations of the thermocouples are shown
in figure 3. The geometric characteristics of the model are presented in fig-
ure 4. A photograph of the 3.50-inch-diameter model installed in the test sec-

tion is presented in figure 5.



Variable-Sweep-Fin Model

The variable-sweep model consisted of a rectangular fin with a 0.25-inch-
diameter cylindrical leading edge mounted on a 12- by 21 .4-inch support plate.
The sweep of the fin was remotely varied through a range from 0° to 69° by a
drive system mounted under the plate. The general arrangement of the model and
drive system is shown in figure 6. The test surface, a 0.030-inch-thick inconel
plate instrumented with 43 iron-constantan thermocouples, was mounted flush with
the flat surface of the support plate. A 0.25-inch-wide band of No. 60 carbo-
rundum grains was glued to the test plate 1 inch from the leading edge. A
minimum air gap of 0.25 inch was maintained between the instrumented plate and
the support plate in order to minimize conduction losses. The fin protruded
through the slot in the instrumented plate and support plate with a clearance
of approximately 0.002 inch on each side. The leading edge of the fin was con-
stantly held in contact with a circular slot in the instrumented plate by means
of a high tension spring (see fig. 6). The complete drive system for the fin
and the complete lower surface of the instrumented plate were sealed beneath
the support plate with a gasket and metal cover. Model dimensions and thermo-
couple locations are shown in figure 7. The mechanism was supported by the
tunnel basic sting support system. A photograph of the model installed in the
test section is presented in figure 8.

TEST CONDITIONS AND PROCEDURE

Test Conditions

The tests were conducted at Mach numbers of 3.51 and 4.44 and at Reynolds

numbers per foot ranging from 2.5 x 106 to 4.2 x 106. During data recording the
tunnel stagnation temperature was held constant at approximately 260° F.

Test Procedure

In order to obtain a test point, the tunnel temperature was held constant
at approximately 140° F and thermocouple outputs were monitored until equilibrium
conditions were reached. At this equilibrium condition a scan of all the ther-
mocouples was taken to determine Te/Tt. By diverting the flow from the tunnel
cooler system, a step ilncrease in tunnel total temperature of approximately
120° F was obtained. Beginning with the initial increase in tunnel temperature
the thermocouple outputs were recorded every half second for 45 seconds. These
outputs were amplified, digitized, and magnetically recorded by an analog to
digital data recording system. Five minutes after the increase in tunnel total
temperature a second scan of the thermocouples was obtalned, again for the pur-
pose of obtaining the ratio Te/Tt. As discussed in reference 9, this ratio has
been found to be essentially the same at the elevated temperature as 1t was at
the lower temperature; therefore, for the purpose of data reduction, it is
assumed to remain constant during the transient period. TFor these tests the
value of Te/Tt determined prior to the temperature step was used in the datsg

reduction process.



Data Reduction

Heat-transfer coefficients were reduced from the transient skin tempera-
ture measurements by using the following relation, which assumes constant tem-
perature through the skin, negligible lateral heat flow, negligible heat flow
to the model interior, and no heat losses due to radiation.

drT
TWC ——

dat
h = —8
o (1)

Equation (1) may be rewritten in integral form as

Tw,n
TWC JF dTy
T

w,0
h = _ L. (2)
t=n t=n =+
J[ Tedt - Jf T4t
t=0 £=0

Therefore, by assuming Te/Tt is constant as previously discussed and by evalu-

ating the numerator, the equation may be written as

h = _TW?(?VZEAf TW’_)_____*_ (%)

Te th=n t=n
—€ T dt - f T4t
Ty Jygo © £=0

For the purpose of machine calculation the integrals were evaluated by
the trapezoidal rule. Thus,

t=n 1 1
k/; o Tdt = A¢(§ To +Tp +Tg+ o o o Tpq ¥ E'Tm> (%)

where At is one-half second. A detailed description of this method of data
reduction is available in reference 9. Where possible, the heat-transfer coef-
ficients were also determined, with an estimate of the effects of lateral heat
flow included, from the following relation:



t=n /321 3T\
we(Ty,n ~ Tw,0) - kT — W 4 __Wl3t
t=0 Bxlg dy, @
he = -~ N L (5)
Te st=n t=n
— T, dt - f T, dt
Ty =0 £=0

The second partial derivatives are evaluated by assuming a linear temperature
gradient between adjacent thermocouples.

RESULTS AND DISCUSSION

Fixed-Sweep-Fin Models

The effect of the leading-edge diameter of the fin on the heat-transfer
distribution along the fin stagnation line 1s presented in figure 9 for the
three fixed-sweep fins (A = 12.87°) at M = 3.51, R = 4.2 x 10°, and a measured
wall-boundary-layer thickness of 6 inches. This figure shows the ratio of the
local measured heat-transfer coefficients (with and without conduction correc-
tions) to a theoretical laminar stagnation-line value determined by the method
of reference 10. It should be noted that the conduction corrections depend
strongly on the fin leadling-edge diameter and, although the corrections for the
two large fins are considered negligible, they must be considered in the dis-
cussion of the 0.75-inch-diameter fin. In general, the heating distribution on

h
the leading edge of the fins consisted of low values of hg Gﬂmd;is, EE < l)
near the flat plate, increasing to a peak value at the edge of the boundary
layer and then returning to laminar swept-cylinder values in the free stream.
The broken line shown across each of the peaks represents theoretical turbu-
lent values for a swept cylinder (determined by the method of ref. 11) divided
by the theoretical laminar value. The good agreement with the data indicates
that the increased heating in the vicinlty of the edge of the boundary layer can
be explained by the effects of turbulence. The most pronounced effect of
increasing the leading-edge diameter was the increase in the peak heating ratios
as predicted by theory and an increase in the area affected by these elevated
values.

The heating distribution obtalned in the chordwise direction of the three
fixed-sweep fins is shown in figure 10 at three spanwise stations for M = 3.51
and R = 4.2 x 10°. The local measured heating rates have been divided by the
measured stagnation-line value (corrected for conduction) and are plotted against
the parameter s/d for the instrumentation on the nose and against x¢/l for
the instrumentation located on the fin side panel. The selection of these two
gbscissa scales renders geometric similarity to all three fins and permits a
better correlation of the experimental data. Presented in the figure is a



theoretical laminar heating distribution for a swept cylinder (ref. 12). Also
presented are both laminar and turbulent flat-plate values (ref. 13) for the
side panels of the fin having a 3.5-inch-diameter leading edge. The measured
distributions obtained on the fin leading edges of all three fins are similar
t0o the theoretical distributions at all three spanwise stations even though the
instrumentation at Z/b = 0,111 and z/b = 0,333 is in the presence of the
turbulent sidewall boundary layer. Since at s/d = 0.4 the magnitude of

(E%y— for the two large fins is approximately the same at each of the span-

s

wise stations, the peak heating rates obtained at Z/b = 0.333 on the stagna-
tion line of the two larger fins shown in figure 9 also occur around the fin
leading edge. The heating distributions on the fin side panels at the two
inboard stations (z/b = 0.111 and z/b = 0.333) are associated with a fully
turbulent boundary layer, whereas the boundary layer remains laminar at the
outboard station (z/b = 0.611) to X/l =~ O.4. The theoretical turbulent flat-

plate distribution divided by (hc)s for the 3.5-inch-diameter fin is generally

in good agreement with the measured turbulent values at all three stations. The
laminar theoretical distribution at the outboard station is in good agreement
with the measured laminar values.

Flat Plate

Both the magnitude and distribution of the heat-transfer rates on the flat-
rlate surface in the vicinlty of a protuberance are governed by the extent and
nature of the separation and resulting vortex formation originating upstream of
the protuberance leading edge. Although no attempts were made in the current
investigation to define the vortex formation, the extent of separation and
corresponding reverse flow limits upstream of the fin leading edge were deter-
mined from the oil-flow photographs in figure 11 and are presented graphically
in figure 12 for the three fixed-sweep fins. The distance r 1is the measured
distance from the axis of symmetry of the fin leading edge to the upstream
separation line. Also included in the figure is a separation-distance range
approximated from the measured heating rates on the variable-sweep fin at a
sweep angle of 10°. It should be noted that for the variable-sweep fin the
boundary-layer thickness (by method of ref. 14) was only approximately 1/40 of
the boundary-layer thickness for the larger fins; however, the measured separa-
tion range falls on a smooth curve faired through the origin and the measured
points obtained from the larger fins. This, therefore, indicates that for the
range of this investigation, the extent of this separation distance is primarily
a function of the leading-edge diameter and relatively independent of boundary-
layer thickness. Although not presented in the figure, there was also no notice-
able effect on the separation distance upstream of the 3.5-inch-diameter fin as
a result of varying the Reynolds number by a factor of 2 at M = 3.51 or as a
result of increasing the Mach number from 3.51 to 4.44 (fig. 11(b)).

The measured flat-plate heating distributions in the 6-inch boundary layer
upstream of the fin leading edge are presented in figure 13 for the three fixed-
sweep fins at Mach numbers of 3.51 and 4.4t4 and Reynolds numbers per foot of
approximately 2.6 x 10° and 4.2 x 106. Also presented is the measured distri-
bution obtained on the flat-plate surface in a 0.155-inch boundary layer




upstream of the variable-sweep fin at a sweep angle of 10°0 for M = 3.51 and

R = 4.2 x 105. The local measured heat-transfer coefficients presented in

figure 13 have been nondimensionalized for the 6-inch boundary layer by the
measured heating rates obtained on the flat plate alone, and for the 0.155-inch
boundary layer by a theoretical distribution determined from the turbulent theory
of reference 1%; these ratios are plotted against the nondimensional surface
length r/d. At M = 3.51 and for both Reynolds numbers, there is no apparent
deviation from the heating rates for the plate alone upstream of the separation
boundary determined from figure 11. Although there is scatter of the data within
the separation region, a fair correlation of the experimental data is obtained
for all models with no apparent trend in the parameter h/ho with either

varying leading-edge diameter or Reynolds number. Within the separated region
the values of h/ho increase rapidly from approximately 1 at r/d =~ 3 +to
approximately 4 at r/d =~ 0.5. Increasing the Mach number to L.kl (fig. 13(b))
had a very small effect on h/ho except at the station nearest the fin leading
edge where an increase in the ratio occurred and was most predominant for the
5.5-inch-diameter fin. There was also an indlcation of an increase in the
heating ratio at this station with decreasing Reynolds number; however, these
data are too limlted to be conclusive.

Presented in figure 14 are the heating ratios obtained on the flat-plate
surface for & = 6 inches at two stations (normal to the fin plane of sym-
metry) downstream of the leading edges of the three fixed-sweep fins. For
X = 20 inches, which corresponds to a range of r/d from -0.5 to -4.6 for the
three fins, the heating distributions are a strong function of the leading-edge
diameter. In general, the distribution at x = 20 inches consists of an
increase in the heating rates for decreasing values of y/d except for the
instrumentation located in the immediate vieinity of the two large-diameter fins
where a decrease in heating is indicated. This decrease could in part be due to
heat losses by conduction to the cooler skin under the fin; however, estimates
of this.loss do not account for the entire indicated decrease. The maximum
value of the peak heating rates occurring in the vicinity of the corner region
decreases with decreasing leading-edge diameter (increasing r/d). At the aft
station (x = 32 inches) which corresponds to a range of r/d from -4%.0 to
-20.6, there is no apparent trend in the data with varying r/d.

Variable-Sweep-Fin Model

The effect of leading-edge sweep, for the 0.25-inch-diameter fin, on the
heating distribution over the flat-plate surface is shown in figure 15 for a
Mach number of 3.51, Reynolds number of 4.2 x 106, and angles of sweep from O°
through 69°. At each value of sweep, data are presented for six spanwise sta-
tions. Also presented in the figure is a theoretical turbulent flat-plate
heating distribution (ref. 13) based on free-stream conditions. The measured
flat-plate distribution at y/d = O 1indicates a fully developed turbulent bound-
ary layer at r/d ~ 6.5 throughout the range of sweep angles. For A = 0O°
. most of the instrumented flat plate downstream of r/d ~ 3.5 is affected by
the interference region. Along the plate center line (y/d = 0) the maximum
measured heating rates would be expected to occur at r/d ~ 0.5 (based on the
results presented in fig. 13); however, because of the small size of the model,
instrumentation could not be located at r/d < 1.5. The data indicate that as



the value of y/d increases the location of peak heating (which decreases in
magnitude) moves downstream as would be expected. Increasing sweep angle
resulted in a decrease in both the area affected by the interference region and
the magnitude of the heating rates within this interference region. The effects
of sweep angle on the heating distribution are further illustrated in figure 16,
where the local heating rates are plotted agalnst the angle of sweep for the
entlire range of y/d at three stations downstream of the flat-plate leading
edge. At the station upstream of the fin leading edge, r/d = 1.5, the heating
rate located in the plane of symmetry of the fins (y/d = 0) decreases with
increasing sweep from a value approximately twice the theoretical flat-plate
value to approximately the same magnitude as the flat-plate value at a sweep
angle of 40°, At this sweep angle the flow interference region has apparently
moved downstream of r/d = 1.5, and therefore further increases in sweep have
no effect on the measured values. The magnitude of the heating rates on the
plate decreases with increasing distance from the fin plane of symmetry and
generally approaches the magnitude of the undisturbed plate heating rates even
at the lowest angles of sweep. The instrumentation at the stations located at
y/d > 3 is apparently outside the interference region (for r/d = 1.5) through-
out the complete range of sweep angles. Similar heating distributions are
shown at r/d = -0.5 and r/d = -4.5 with a general increase in the area
affected by the fin with decreasing values of r/d. Through the range of sweep
from 0° to 40° the sweep has a large effect on the heating distribution through-
out the range of r/d for y/d € 5, whereas for angles from 40° to 69° the
interference region is apparently confined to the immediate fin——flat-plate
corner (y/d < 1).

The flat-plate heating distribution throughout the range of sweep angles

for R = 2.5 X lO6 and M = 3.51 1is presented in figure 17 for the 0.25-inch-
diameter leading-edge fin. At each value of sweep, data are presented for six
spanwise stations. The fixed transition strip failed to trip the boundary layer
at this Reynolds number, and it apparently remalned laminar outside the fin
interference region to the most aft instrumentation location throughout the
range of sweep angles. The trend of the heating distribution within the inter-
ference region is very similar to that obtained at the higher Reynolds number.
At the lower sweep angles and small values of y/d the peak heating rates are
approximately of the same magnitude as those obtained at the higher Reynolds
number, which indicates transitional or turbulent flow within the interference
region. Due to the transitional flow within the interference region, it is
difficult to distinguish between the effects of transition and interference;
however, heating rates greater than the laminar values are indicated by the
experimental results throughout the range of sweep angles for y/d T 2.

CONCLUDING REMARKS

Heating distributions have been obtained on three fixed-sweep fins (12.87°)
of different leading-edge diameters partially submerged in a turbulent boundary
layer, as well as on the flat-plate surface adjacent to these fins. Heating
rates have also been obtained on a flat plate adjacent to a fin at sweep angles
varying from 0° to 699,
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The heating rates obtained on the leading edge of the fins outboard of the
sidewall boundary-layer effects are in good agreement with laminar theory. The
maximum stagnation-line values obtained in the region subjected to the flow of
the turbulent sidewall boundary layer are in good agreement with turbulent
theory. The variation of separation distance on the flat plate upstream of the
fin leading edge with diameter was found to be approximately linear and rela-
tively independent of boundary-layer thickness. The ratio of the heat-transfer
coefficients obtained on the center line of the flat plate with the fins mounted
to those obtained on the flat plate alone, h/ho, upstream of the stagnation line
of the fins investigated tends to fall on a single general curve when plotted
against the distance from the center line of the fin leading edge in diameters,
r/d. In general, h/ho =1 for r/d > 2.5 and increases asymptotically, within
the span of instrumentation, as the fin leading edge is approached. The corre-
lation of data obtained from the 0.155-inch and the 6-inch boundary layer, using
the parameters r/d and h/ho, indicates that boundary-layer thickness has
relatively little, if any, effect on the ratio h/hy in the interference region.

In general, increasing sweep resulted in a decrease 1n both the area
affected by interference on the flat plate and the magnitude of the heating
rates within this interference region. At the high Reynolds number (M.E X 106),
where the boundary layer was turbulent, the maximum measured heating rate near-
est the fin, upstream of the fin stagnation line (r/d = 1.5), decreases from
approximately twice the theoretical turbulent flat-plate value at A = 0° to
the undisturbed value at A = 40°. Further increases in sweep had only a
slight effect on the heating distribution within the entire interference region.
At the low Reynolds number (2.5 X 106) the boundary layer remained laminar out-
side the fin interference region. However, within the interference region the
heating rates at the lower sweep angles were of approximately the same magni-
tude as those obtained at the high Reynolds number, indicating transitional or
turbulent flow. Due to the apparent transitional flow in this region, the
effects of sweep are significant on the flat-plate heating rates in the vicin-
ity of the fin throughout the tested range of sweep.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., March 3, 196k.
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T

Thermocouple locations on flat plate

Thermo- X, Ys Thermo- Xy Y,
couple inches inches{ cauple inches inches
1 2.0 0 23 18.0 0
2 8.0 0 24 18,0 2
3 9.0 0 25 18,0 4
] . 4 10.0 0 26 18,0 8
5 11.0 0 27 20.0 0
6 11.5 0 28 20,0 1
8 12.0 3 29 20.0 2
10 13.0 2 30 20.0 3
11 14.0 0 31 20,0 4
12 14.0 1 | 32 20.0 5
13 14,0 2 33 20.0 6
14 14.0 3 34 20.0 7
15 14,0 4 35 20.0 8
16 14.0 6 37 20.0 12
17 14,0 8 « 38 28.0 7
; 18 14.0 12 - 40 32,0 4
“Fiow” 19 16.0 0 41 32.0 5
20 16.0 2 43 32,0 7
_______________ S, 2 16.0 4 44 32.0 8
b B IR 16.0 8 45 32.0 10
+x 1 2345 1 30 - e _|+% B B 46 32,0 12
1}%’ 6 @l2 \.__ @@ IIIrIsooo-----dl
10y 013 @20 @24 @8F -~ - =~ ~—— - ____" 770 J
8 @l4 ®30
®15 ®21 ®25 @31 @40
@32 D41
@16 @33
@34 ®38 ®43
@17 22 ®26 ©35 D44
®45
®18 @37 D46

Figure 1.~ Thermocouple locations and relative location of fixed-sweep fins on tunnel-sidewall test plate.
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Figure 2.- Cross section of sandwich-type construction.
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Thermocouple locations
on fins
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Figure 3.- Thermocouple locations on fixed-sweep fins.
otherwise indicated.)
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Figure L.- Geometric characteristics of fixed-sweep fins.
unless otherwise indicated.)
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L-62-4015
Figure 5.~ Photograph of fixed-sweep fin having 3.5-inch leading-edge diameter installed in test section.
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Figure 6.- General arrangement of model having variable-sweep fin.
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Figure T.- Thermocouple locations and geometric characteristics of model having varigble-sweep fin.
(A11 dimensions are in inches unless otherwise indicated.)
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§ ia— 6.9 .| 11 8.00 .25 25 8.00 .75 39 8.75 1.75
AN ! 12 8.25 .25 26 8.25 .75 40 9.25 1.75
§ /L . 13 8.50 .25 27 8.50 .75 41 9.75 1.75
N ‘_I To1a 8.75 .25 28 8.75 .75 42 10.25 1.75
12.0 X Q,__ o A e — 1 _ _ 43 _ 10.75 _ 1,75
Flow ;*y ® P00000® © ©
_Plow o N 00O @& © 0.+25
\; [oYcReXoNol ® ]
N @ © 6 0 @ © ®
§ 5.1 ® 0 ® @ @ @
N
AN
N
N
N I 13.4 —
N : "
\\\
NI Al 0.5 radius
N
N
N
Y N
1



1

L-62-4034
Figure 8.~ Photograph of model having variable-sweep fin installed in test section.




———Turbulent swept-cylinder
theory---Reference 11
) Experiment
O hs/hL
I ————— - ¢ °
e 000000 0000® o ¢ ©
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O
0 d = 0.75 inch
2_
ol oeo
h, N O 0 0Goo8ooce o © 8
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2._
o 0o 0@ o o
L e © o Bocoo © °
° o}
d = 3.50 inches
O L | . L . [ I
0 .2 S .6 .8 1.0

z/b

Figure 9.- Effect of leading-edge diameter on stagnation-line heating distribution of fixed-sweep
fins. M = 3.51; R ~ k.2 x 105.
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laminar swept-cylinder distribution---Ref 12

k//////’~—Corner

z/b -~ 0.111

Theoretical

1.2

___Ratio of turbulent theory (Ref 13)
to (hglg;d = 3.50 inches

4 = _ z/
O -E}~ ———e®— g%
O ol o
Experiment
0 h he .
(hc)s (hc)s d, inches
) ' 0.75
i z/b = 0,333 O u 2.00
-8 ! / O ® 3.50
LA
— ‘@__*
8 o TRt -
O_
.8 z/b - 0,611

Ratio of laminar theory (Ref 13)
to (hg)g;d = 3.50 inches
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O
DL i T O T i 1 |
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s/d 0 .2 .4 .0 .8 1.0 1.2
xc/1

Figure 10.~ Effect of leading-edge diameter on chordwise heating distribution of fixed-sweep
fins. M = 3.51; R ~ k.2 x 106.
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d =.0.75 inch; R~ 1.2 x 105

d = 3.50 inches; R = 2.4 x 10°

d o 2.00 inches; R = 2.4 x 106

(a) M=3.51. L-64-428

Figure 11.- 0il~flow photographs of model having fixed-sweep fin.
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inches

& o 6.000 inches; A =@ 12.87°

d @ 0.155 inch; A = 10.00°

] J | | | ] | |

0 A4 .8 1.2 1.6 2.0 2.4 2.8 3.2 3.6

d, inches

Figure 12.- Effect of fin leading-edge diameter and boundary-layer thickness on separation dlstance upstream
of fin. M = 3.51; R~ 4.2 x 100,
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Figure 13.- Effect of fin leading-edge diameter and boundary-layer thickness on ad jacent~surface
heating distribution upstream of fin stagnation line.
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Figure 13.- Concluded.
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d, inches r/d

o 0,75 4.6
o 2.00 -1.4
2- o 3,50 -0.5
1~- —Q
X = 20 inches
h ¢
hO
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o g0 o 3,50 -4.0
O
| HO g © o 0 o o
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Figure 1l4.- Effect of fin leading-edge diameterl on flat-plate heating distribution normal to fin plane
of symmetry downstream of fin leading edge. M = 3.51; R = b2 x 106; ® = 6 inches.



L0141
~——Flow y/d

o0
o1
.012r o 2
A3
N 5
/ D7
.010r V; ———— Turbulent flat-plate
theory---Reference 13
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Figure 15.- Heating distribution on flat plate in vicinlty of variable-sweep fin for range
of sweep from 00 to 69°. M = 3.51; R ~ h.2 x 10%; & = 0.155 inch.
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Figure 15.- Continued.
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PFigure 15.- Concluded.
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,010 r/d = -4.5

.004

,010 r/d = -0,5
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—— Turbulent flat-plate
Btu L
ftg_sec_oR'UDB theory---Reference 13
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004

Figure 16.- Variation of heating rates with sweep angle for various values of y/d at three
axial stations. M = 3.51; R ~ 4.2 x 105; 5 = 0.155 inch.
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Figure 17.- Heating distribution on flat plate in vieinity of variable-sweep fin for range
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of sweep from 0° to 69°. M = 3.51; R = 2.5 X 106.



.010

.008

.006

.004

h
’ . 2
Btu » 00

ft2-sec-°R

.006

.004

.002

T

<«—Flow y/d
o0
0o 1
S 2
A3
N5
éx\\\ D7 _
\\\\ -—— Laminar flat-plate
<{\ theory--~-Reference 13
\ A\\ ‘ d
\ N
\ A A= 20°
\ =
. A

Figure 17.- Continued.

20

35



Btu
ft2-sec-°R

36

.008~

.006

.004-

.002

.004

T

.002

y/d

<l

prpboDo
~NOwNnH-O

Laminar flat-plate
theory---Reference 13
O

.002-

T

.002

A = 60°

20

Figure 17.- Concluded.
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